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Sh. Sh. Dolginov

RESEARCH ON THE GEOMAGNETIC FIELD

Soviet sdentists and sdentists from a number of other countries marked the second decade

in space with intensive experimental and theoretical research on the solar wind, the structure

of the "calm" geomagnetosphere, the space-time su'ucture of the development of substorms,

and the extent of magnetism among the planets of the solar system.

The results achieved in this period include proof of the solar origin of interplanetary fields
and determination of the relationship of the sign and magnitude of interplanetary fields to

the sign and magnitude of the total magnetic field of the visible face of the sun.

Another important result was the proof of the role of a mechanism of reconnection of the
force lines of interplanetary and geomagnetic fields in the formation of the characteristic

shape of the geomagnetosphere and its basic features: asymmetry in the day-night direction,
the formation of "funnels" on the day side at high latitudes (polar cusps), and the formation

of a magnetic loop on the night side.

Reservoirs of solar wind plasma energy such as polar cusps, the plasmosphere, the plasma

layer in the loop, radiation belts, and the vast reservoir of magnetic energy known as the

geomagnetic loop formed by these processes play an enormous role in the development of a

number of geophysical processes and geosolar couplings. Although the radiation energy of

the solar wind is 100 times greater than the energy contained in interplanetary magnetic

fields, it is the instability of the latter that determines the mechanism by which energy stored

in the atmosphere and arriving upon a change in _olar activity is realized in the form of the

interrelated and simultaneously occurring phenomena known as magnetic, ionospheric,
auroral, and radiation storms.

Processes of interaction in the boundary region of the magnetosphere and the solar wind,

processes on the boundaries between the dosed force lines which take part in the rotation of

the earth and the open lines controlled by the solar wind, and processes of the annihilation of
oppositely directed force lines in the loop of the magnetosphere lead to the formation of

global electrical fields in different parts of the magnetosphere. These electrical fields directly

determine the nature of plasma convection and magnetic force lines and the nature and

topology of the current systems flowing in the earth's magnetosphere and ionosphere during

periods of "calm" and disturbances.

Direct measurements of electrical fields and the discovery of currents along the force lines,

which H. Birkeland discussed as early as 1896, constituted the experimental basis for global

models of current systems called on to explain electromagnetic storm mechanisms.

A detailed survey was made of a region of the magnetosphere at distances of 3 to 7 R3,

where in 1964 the satellites Elektron-2 and Elektron-3 were the first to detect the magnetic
field of a quiescent current ring and where the current system responsible for the main phase

of a magnetic storm (the Dstvariation ) develops during storms.



Significant advances have also been made ia the use of space- and ground-based

equipment to study low frequency electromagnetic" field fluctuations and the interaction of

fields and particles.

Researchers began to successfully employ artificial injection of plasma into the atmosphere
in order to study details of magnetospheric processes. Although the scales of these model

experiments were small by comparison with natm'al observations, they may be carried out
under controlled initial conditions and their importance is hard to overestimate. Such

experiments have been successfully conducted in Me Soviet Union.

One of the most important advances of the second decade in space was the establishment
of a cause-and-effect relationship between the signs and magnitude of individual components

of the interplanetary magnetic field and the level of disturbances on the earth and the nature
of variations of the magnetic field in near-polar regions on the surface of the earth. This led

to the development of an effective and practically important method of determining the sign
of the interplanetary magnetic field on the basis of data from magnetic observatories located

in the vicinity of the geomagnetic poles.

Also of practical importance are possible 1elationships between solar activity and

meteorological processes due to the effect of interplanetary fields and the geomagnetic field.
It is possible that the study of such effects will lead to a better understanding of the complex

processes which determine weather genesis factors.

The second decade in space was also marked by a detailed study of the geomagnetic field's
structure determined by the distribution of internal sources. It is sufficient to remind the

reader that prior to direct satellite measurements of the geomagnetic field, experiment data

had made it possible to determine six harmonics (n = m = 6), that is, 48 coefficients of a
Gaussian series which analytically represents the geomagnetic field. Now 13 and more

harmonics (more than 195 coefficients) have been determined.

Research conducted by Soviet and American scientists revealed that geomagnetic field
anomalies reflecting the structure and tectonics of the earth's crust extend to the altitudes at
which satellites orbit. This has provided new opportunities for studying the crust, problems

of global geology, and the natural resources of the earth by means of satellites.

Major advances have been made in studying an ancient problem of natural science, namely
the problem of the origin of the geomagnetic field. It is in this light that we should first
examine the discovery of a magnetic field on the planet of Mars (the Mars-2, Mars-3, and
Mars-5 automatic Martian stations), the discovery of a magnetic field on Mercury (the

Mariner-10), the direct study of Jupiter's magnetic field (Pioneer-10, Pioneer-ll), a detailed
study of the paleomagnetic fields of the Moon (Apollo, Lunokhod-2), the discovery of the

Venutian magnetosphere, and the study of the upper limit of its magnetic moment (Venera-9

and Venera-10).

These studies led to the determination of topol_)gical characteristics of planetary magnetic

fields which have left no doubt that planetary magnetic fields are due to the same

mechanism, namely dynamic processes in highly co nductive molten cores.
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A very important result of experimental studiesof planetarymagnetismwas the fact that it
first becamepossible to test the reliability of different models of geomagnetismwithin the
framework of comparativeplanetology.

The beginning of the second decade in space c,:)incided with the last years of one of the

fu'st postwar international geophysical projects, namely the "World Magnetic Survey of
1957-69."

The well-known geophysicist C. Chapman, in recounting the history of this major scientific

undertaking [1], places its origin in 1950, when, in the Soviet Union, on the basis of a

proposal made by the Director of the Institute of Geomagnetism of the Weather Service of
the USSR, N. V. Pushkov, construction of the normlagnetic schooner, the Zatya, began. Built

in Finland and equipped with Soviet-made equipment, this schooner began taking

measurements of the magnetic field in the World Ocean in 1956, where no measurements

had been taken since 1929 after the wreck of the American schooner, the Cameg/e. 41

countries took part in the World Magnetic Survey, which involved land, sea, air, and space

measurements. The emblem of this project consisted of the most advanced magnetic survey
vehicles of the time: the Zarya schooner, the Mavtet airplane, and a satellite, with a globe in

the background (Figure 1).

Figure 1. The emblem of the "World Magnetic Survey" project.

The Danish geophysicist V. Larsen was appointed chairman of the World Magnetic Survey

Committee of the International Association of Geomagnetism and Aeronomy and served

from 1963 to 1969, while the Soviet geophysici:_ts N. V. Pushkov (1963-67) and Yu. D.

Kalinin (1967-69) were appointed vice-chairmen, and the American geophysicists E. Westin

and A. Zmuda were appointed general secretaries.

The measurements provided data on the comptments of the magnetic field and magnetic

declination and inclination in many regions of the globe. The Zarya took measurements on

routes with a total length of approximately 500,00(t kilometers, while Canadian and American

Magnet planes took measurements on routes totalling 3,800,000 kilometers. These surves of

the magnitude and direction of the magnetic field in the vicinity of the Earth's surface

constituted an important part of even more informative surveys conducted by means of the
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Kosmos-49(1964), OGO-2 (1965), and OGO-4 satellites. During these surveys the satellites
measured the field scalar using absolute proton ancl quantum magnetometers.

From 1968 to 1970 the Soviet Union and United States conducted secondary global
surveys using low flying satellites in order to conthme their studies of the spatial structure of

the geomagnetic field and its secular variations and external ionospheric magnetic field
sources. These studies made it possible to obtain :_'egular and extensive data on the scalar of
the magnetic field needed to construct more refined analytical models of the geomagnetic
field and study its secular variations.

Satellites were deployed in high apogee orbits in order to make a detailed study of

constant external magnetic field sources located in the outer magnetosphere and in the
vicinity of its radiation belts. In addition to magnelometric studies, the satellites were used to

make extensive studies of plasma in the geomagnetosphere. The combination of magnetic

and plasma data made it possible to draw a complete picture of the earth's magnetosphere on
a calm day.

In combination with extensive studies on _,e earth's surface in the polar regions,

experiments for studying electrical fields, and the aforementioned studies of interplanetary
fields, these studies made it possible to shed light on many aspects of the mechanisms of

magnetic disturbances and magnetic substorms in all their geophysical manifestations.

STUDYING THE GEOMAGNETIC FIELDS OF INTERNAL SOURCES

The Kosmos-321 satellite, equipped with a magnetometer for measuring the magnetic field
scalar, was deployed on a near polar orbit on January 20, 1970. The satellite stayed in

operation for more than two months.

The initial orbital altitude was 280 kilometers at the pericenter and 507 kilometers at the

apocenter. With the orbit inclined 71 degrees to the plane of the equator, it shifted

longitudinally westward in relation to the Earth at a rate of -2.62 degrees per day, while its

pericenter shifted toward the equator at a rate of 1.92 degrees per day. The orbit and its

evolution engendered favorable conditions for measurements on 94% of the surface of the

globe and for studying phenomena in polar auroral ovals. The agreement of the readings of a

KTsM-1 cesium quantum magnetometer with absolute values in the range of measurable
fields was checked by means of comparing them with the readings of a proton magnetometer.

The agreement was within 2 gammas. A special thermostatic system enabled normal

functioning of the spectral lamp and absorption chambers outside the thermal container of

the satellite. The magnetometer's sensors were located in a container separated from the

body of the satellite by means of a 3.6 meter loag rod. Nevertheless the experiment was

affected by deviation caused primarily by thermal currents in the fasteners of the rod and the

container. The rotation of the satellite made it possible to detect the effect of deviation in

the form of modulation with the period of rotation of the satellite. These effects were

filtered out in data processing. Data was recorded on a memory on 4 to 5 orbits per day.

The primary experiment data processing progjam made it possible to convert measured
quantities into magnetic field units, determine the coordinates of the satellite at the time of



measurement,determine the theoretical field at measurement points, and determine the
difference between measured and computed field values. The algorithms for the primary

data processing program were developed by workers at the Institute of Geomagnetism, the
Ionosphere, and Radio Wave Propagation (IGIRWP) and the IKI. This information

constituted the initial information for putting together a "Catalogue of Measured and
Computed Values of the Geomagnetic Field Strength Modulus Along the Orbits of the

Kosmos-321 Satellite" (1976) [3]. In 1967 a "Catalogue of Measured and Computed Values
of the Geomagnetic Field Strength Modulus Along the Orbits of the Kosmos-49 Satellite" [4]
had been put together and disseminated.

The results of the world magnetic survey were sent to international data centers in

Moscow, Maryland, Sjarlaton Lurid (Denmark), and Kyoto, Japan and served as the basis for
a number of analytical models of the geomagnetic." field and for studying secular variations

and the structure of geomagnetic field sources.

THE INTERNANATIONAL MODEL OF THE GEOMAGNETIC FIELD
FOR THE 1965 ERA

The study of the wide variety of new geophysical phenomena detected by space and ground

surveys required a single analytical model of the geomagnetic field which would adequately
represent the aggregate of new experiment data. For example, this model could be used as a
reference for detecting the anomalous fields of internal sources and the fields of external
current systems, for determining the topology of the force lines which control the motion of
charged particles captured by the geomagnetic field, and for determining points on the
earth's surface which connect one and the same magnetic field force lines (conjugate points),

where many phenomena occur synchronously and identically in both hemispheres of the

planet.

The subject of an international geomagnetic field model was first discussed at the 12th
General Assembly of the International Geophysic_d and Geodesic Union in Helsinki (1960).

Further discussions of this topic led to agreement on a number of initial requirements which

the model would have to satisfy. Tests of a number of models which had been constructed in
a number of countries were undertaken. Criteria for the adequacy of one model or another

included the accuracy of representation of data t3com the Kosmos-49 and OGO-2 satellites

and the accuracy of representation of magnetic field components on the earth's surface. N.P.

Benkova, Sh. Sh. Dolginov, L O. Tyurmina, and T. N. Cherevko delivered the Soviet report

on this topic. Histograms of differences _ T between different models selected for the
international model and measurements taken by the Kosmos-49 are given in Figure 2.

After quite lengthy discussions, a synthesized field model which took into account models
developed on the basis of satellite data and components of the field on the earth's surface
was chosen. It is represented by a Gaussian series from internal sources with a number of

spherical harmonics n = m = 8 in terms of components in geocentric coordinates for a

spherical Earth with a radius of 6371.2 kilometers. The users of the model were advised to
take into account the ellipticism of an earth with an equatorial radius of A = 6378.16
kilometers and an oblateness f - 0.0033529.
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OF POOR QUALITY

Figure 2. A comparison of different analytical models of the geomagnetic field with

experiment data from the Kosmos-49 satellite

Histograms of the most frequently encountered differences /x T between measured field

values: 1. data from the IGIRWP 2. POGO 3. GSFC 4. Fougere 1 5. Gurvich et al. 6. Leaton

et al. 7. averaged model

The model was developed for the 1965.0 era. When this model is used for the

1955.0-1972.0 period one must introduce correctioris for harmonic coefficients:

c." (t) = c_ (to)+ c." (_-- to),

where C ,,tn is equivalent to the secular variation of the factors in gammas per year.

The model was approved by a working group on October 24, 1968 in Washington, then

approved by a special committee of the Internztional Association of Geomagnetism and

Aeronomy in February, 1969, and was officially adopted in Moscow at the 15th Assembly of

the International Geophysical and Geodesic Union in 1971.

Thus, instead of the previously used model consisting of 48 coefficients (n - m = 6) the

Union recommended the use of a model containing 80 coefficients and their first time
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derivatives g"t,_ and h ,_ which give a better representation of the main geomagnetic field

whose sources are located in the molten conductive core of the earth. For the 1965.0 era the

central inclined dipole of the international model had a magnetic moment of 8.01 times 10

gauss per cubic centimeter. It intersected the earth at points y, = 78.6 degrees N and 9, =

290.2 degrees E and _p = 78.6 degrees S and A = 110.2 degrees E.

I_10 150

Figure 3. A map of the isolines of the scalar of the complete vector T of the International

Analytical Model of the Geomagnetic Field for the, 1965 Era (International Analytical Model

The international analytical model was used to produce maps for seven magnetic field

elements and their secular variations. The T and t_ T maps of the international analytical

model are given in Figures 3 and 4. The General Assembly of the International Association

of Geomagnetism and Aeronomy in Kyoto (Japan, September, 1973) recommended that the



IAM of 1965.0be retained as a standard until _.975.0. In 1975 the IAGA Assembly in

Grenoble adopted an IAM for the 1975 era, which was recommended for use in the period

from 1975 to 1980 [8].

POOR QU_ LiTL/
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Figure 4. A map of the isolines of identical secular variation of the scalar 6 Tof the IAM

GEOMAGNETIC FIELD MODELS BASED ON DATA FROM THE KOSMOS-321

AND KOSMOS-49 SATELLITES

Magnetic surveys from the Kosmos-321 and OGO-6 satellites made it possible to obtain

analytical models for the 1970 era and study the :_,ecular variations of the geomagnetic field

for the five years after the adoption of the IAM and the Kosmos-49, OGO-2, and OGO-4

experiments.

Measurements taken by the Kosmos-321 at 12,000 points were used to obtain an analytical

field model, and spherical harmonic analysis was carried out to n = m = 9, that is, taking

into account 99 coefficients of the Gaussian series. The model was published in [7].



Improvements in computer software and hardware made it possible to develop analytical

models with longer series than the IAM. The need to make the series longer was dictated by
a number of circumstances.

Each harmonic in a spherical series has a wavelength equal to ldn kilometers, where L is
the length of the circumference of a terrestrial meridian (approximately 40,000 kilometers).
A model with n = 8 takes into account the characteristics of a field about 5,000 kilometers

long, that is, longer than the dimensions of the earth's molten core. Thus there were grounds
to assume that the main field could be best represented by a series much longer than n = 8.

The long wave component of the field may be represented by a spherical harmonic series
with n = 25, corresponding to a wavelength of .-tpproximately 1600 kilometers. However
anomalies associated with structural characteristics of the crust may have the same

wavelength. In any case one can confidently asser_: that the IAP model does not fully reflect

the main geomagnetic field.

The method of utilizing the field scalar in spheri'cal harmonic analysis developed by J. Cain

and D. Jensen [9] made it possible to use a stream of experiment data from satellites to

determine longer analytical field series. However this was limited by computer capabilities,
because an increase in the number of harmonic_ in a series to n is accompanied by an

increase in the number of terms in the series to (n + 1)z 1. These limitations were

overcome by using state-of-the-art computers and other mathematical techniques. V.I.

Kolesova and E. P. Kropachev carried out spheric_d analysis of the geomagnetic field to n -

23 on the basis of ground data [10].

J. Cain computed an analytical model of the geomagnetic field (n = m = 22) for the 1970

era. In addition, the model contains secular variation coefficients up to n = 14. N.P.

Benkova and T. N. Cherevko [12] determined an _aalytical model of the geomagnetic field to

n = m = 12 solely on the basis of data from the Kosmos-49 satellite.

The high harmonic coefficients of different models with longer series differ noticeably.

Consequently, individually the high harmonic coefficients do not reflect the distribution of
anomalies, which, generally speaking, is random. However expanded models which account

for high harmonics provide better agreement with satellite-measured magnetic field values
than the IAM does. Describing the geomagnetic field with longer spherical series made it

possible to proceed to clarification of the geologi_id meaning of the difference T between
measured and computed values of geomagnetic field strengths along the orbits of the
Kosmos-49 and OGO satellites.

CRUST-GENERATED ANOMALIES AT THE ALTITUDES
OF LOW-FLYING SATELLITES

In 1965 the first publication devoted to the Kos_nos-49 experiment [13] contained the idea
that anomalies associated with the structure of the earth's crust could be detected at the

altitudes at which the Kosmos-49 flew.



Anomalies can be detected by analyzing the diffc, rences AT = T,_ -
T_. A field should be represented analytically by a sufficiently long series, however the

minal wavelenghs of the series should be "longer" than the waves of the anomalies in

question.
4

A magnetometer used to determine the field scalar measures the main field and the

projections of anomalies onto the direction of the main field. The intensity of anomalies at

satellite flying altitude is on the order of sever_d gammas and may be lower than field
variations due to external sources, which are particularly significant at high latitudes. Thus

the best conditions for detecting magnetic anomalies occur at low latitudes during very

magnetically calm periods and involve the use of r_inimal-altitude satellites.

In 1970 American scientists [14] published a comparative map of the differences /x T

between measurements taken by the Kosmos-49 and OGO satellites and computed field
values with a series length of n = m - 9, which gave evidence of the detection of anomalies

associated with the lithosphere. A similar map of gXT differences in the same latitude range

was plotted in the Soviet Union (Figure 5) [15] and revealed that with a series length of n =
m = 9 the differences A T retain traces of the main magnetic field not associated with the

crust. In the same year such "intermediate" anomalies were detected in global maps plotted

by American scientists for latitudes of plus or minus 50 degrees on the basis of OGO
satellites.

Thus, it has become clear that crust-generated anomalies can be detected more reliably by

means of using longer analytical series. In a study published in 1973 N. P. Benkova and T. N.
Cherevko [12] revealed that the use of data obt:dned solely from the Kosmos-49 satellite
could be used to extend the series to n = m = 12. Further lengthening of the series is

accompanied by an increase in computational errors.

Maps of the differences A T between satellite-measured and computed field values with a

series length of n = m = 13 were plotted by American scientists using a combination of data
from the Kosmos-49 and OGO satellites.

Figure 6 gives a map of the anomalous field ot Africa plotted on the basis of Kosmos-49
data [16]. Isolines at 4 gamma intervals were drawn on the basis of average values of AT in

5 by 5 degree blocks. According to the results of an aeromagnetic survey, the Bangi Anomaly
in Central Africa has an intensity of approximately 700 gammas at an altitude of 3 kilometers
from the surface. At an altitude of 350 kilometers its intensity is approximately 20 gammas.

The anomaly extends 900 kilometers latitudinally. The assumption that its sources lie in the
mantle would have led to impossibly high field intensities in the mantle (100 oersteds). A

comparison of magnetic and tectonic maps reveals a certain correlation between them. The

Bangi Anomaly coincides with a tectonic uplift zone between the Chad Basin in the North
and the Congo Basin in the South. Thus, the ZxT map reflects anomalies associated with the

lithosphere. The value of these maps is difficult to overestimate. There is no doubt that

special purpose experiments conducted at miminal satellite altitudes could make it possible
to obtain the experiment data needed to construct a model of the earth's crust. Its structure

could be studied in the quickest and most inexpensive way over the entire earth in remote

regions of the World Ocean and continents. Such a comprehensive survey would make it
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Figure 5. Differences _ T between measured values of T
(Kosmos-19) and the analytical ser;.es n = m = 9.
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Figure 6. The anomalous field of A_/rica. The difference between

Kosmos-49 data and the analytical _>eries n = m = 13 (according to

[16]). The anomalies reflect the _tructure of the earth's crust.

Isolines at 4 gamma intervals.



possible to detect boundaries of contemporary geological features of the crust which have still

not been investigated and to clarify the past evolution of the crust.

Existing global maps of ZXT bear certain trace,_ of the irregularity of initial data and the

effect of disregarded errors, which are sometimes comparable to the detected anomalies. For

example, residual _ T fields plotted on the basis of OGO data are "distended" along the

meridians due to the polar orbits of this satellite, and _ T differences plotted on the basis of
data from the Kosmos-49 are "distended" in the direction of the Kosmos-49's orbits.

Great opportunities for studying both the main and anomalous fields will be provided

when it becomes possible to take precise measurements of both the field scalar and the

components of the field. In order to measure field components with an accuracy of 5 to 10

gammas at altitudes of 300 kilometers, one needs t<_ know the orientation of the satellite with

an accuracy to within 10". Overcoming these diffi_mlties will provide geophysicists with new

opportunities.

Satellite measurements of anomalous fields co;_stitute one effective way of studying the

fundamental question of modern geophysics: nam,.qy, is the crust of the ancient shields and

platforms magnetic?

SECULAR MAGNETIC FI/_LD VARIATIONS

The particular interest of geophysicists in secular geomagnetic field variations is due to two

circumstances.

1. The spatial and time pattern of secular variati_)ns of the contemporary geomagnetic field

must be known in order to correct magnetic map_; and analytical geomagnetic field models.

This is required by a number of applied problems.

2. Secular geomagnetic field variations constitute a unique source of infroamtion on

processes in the earth's molten core to which the g,'zomagnetic field owes its existence.

There have been direct observations of the georaagnetic field for approximately 350 years.

Initially only magnetic declination was measured, by seafarers.

A map (Figure 7) of the secular variation of the scalar of the full vector of the geomagnetic

field T illustrates the basic characteristics of the se_lar variation of the modern geomagnetic

field. The map was plotted on the basis of global surveys conducted in 1964 by means of the

Kosmos-49 and OGO satellites, a second survey conducted in 1970 by means of the

Kosmos-321, and on the basis of data from a network of ground magnetic observatories

obtained during this five year period [17]. The dashed lines connect points where the field

diminished, while the solid lines connect points where it grew stronger. The lines are known

as "isopores," namely lines where secular variation!; are of the same intensity.

First we must focus our attention on the o_,'al regions in which field variations are

particularly great (ST" 150 gammas per year). Tmse constitute secular variation "centers."
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They arise and disappearat different points on the globe. One such center existed in the 30s

in the vicinity of the Caspian Sea, but in the 40s and 50s it shifted and disappeared.

On isopore maps of preceding eras there was a positive focal point northeast of Kergelen

Island with field variations of up to 40 to 60 gamrms per year, but now in this location field

variations amount to only 10 to 20 gammas per year.

On the map we can see a negative focal point (_f 6"/'" 30 gammas per year west of Japan.

The birth of this center was observed by Japanese observatories in 1955. Now it is recorded

by observatories in Irkutsk, Tashkent, and Alma-Ata. The peak has moved west. All this

reminds one of a wave process.

OR_,_,_.cL TAC_-:°;,'i

OF POOR (!UAUTY

Figure 7. A map of the lines of identical secular variation of the geomagnetic field scalar

based on Kosmos-321 data [17]
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On the isopore map it is apparentthat the region:Is where the field is diminishing are much

more numerous than the regions where it is getting stronger. We can compare the negative

and positive variations by means of the sums

T,ATiASI = _i,
i

where .,'x Ti is the average variation of a field on an area of z_ S _ bounded by adjacent

isopores. The index i indicates the variable number of the area Zl S. This product is of the

same magnitude as flux and is measured in maxwel s.

Positive changes amount to 1.44 times 10 I'_ raaxwells, negative changes 19.43 times 10

maxwells, while the change ,,x_;= -17.99 times 10 J_' maxwells, that is, on the whole over the

earth field strength has dropped at the same average rate. However the field has not

changed in the same way in the northern and southern hemispheres. In the southern

hemisphere the field has only gotten less intense (,:1_ = -13.43 times 10 a* maxwells), while

in the northern hemisphere at latitudes of approximately 60* it has gotten more intense,

but the overall field of the northern hemisphere has gotten less intense (_ =-4.6 times 10 "t*"

maxwells).

The asymmetry of the change in the field relative to the geographical equator indicates

that some of the geomagnetic field has somehow drifted north. A comparison of this map

with secular variation maps of the preceding decade (described in the collection Uspekhi

SSSR v issledovanii kosmicheskogo prostranstva. Pervoye kosmicheskoye desiatiletiie 1957-67

(Soviet Advances in Space Exploration. The First Decade in Space (1957-67), Moscow,

Nauka, 1968.) revealed that the zero (or neutral) isopore is moving quite rapidly to the north.

The following quantity is used as a measure of field asymmetry

(A_S- A(1)r_)IAq)_

A similar pattern had been observed previously, on the basis of data from observations

made over the last 150 years [18, 19].

So what was so important about satellite measurements? They made it possible to

determine quickly and globally the main features of secular variations and demonstrated the

possibility of not only determining secular variations, but also their rate of change, that is, not

only the first but also the second derivative of the process. This has given us confidence that

the use of satellites for purposes of permanent secular variation research will enable a

comparatively quick resolution of the main problems which arise in the comparison of secular

variations on the basis of contemporary archeomagaetic and paleomagnetic data.

In particular, periodic satellite-aided high preHsion global surveys of the strength and

direction of the modern geomagnetic field constitute the most effective way to solve the

following problems of geomagnetism and the planetary mechanism:

1. What sort of spectrum do secular geomagnetilc variations have and what is their role in

the field generation mechanism [20, 22]?
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2. Is the diminution of the energy of the modern dipole field due to dissipative processes in

the core or to the self sustained oscillatory natur,:; of the geomagnetic field. Wouldn't the

energy of the dipole field be transferred to higher harmonics whose energy should increase in

this ease [23, 24]?

3. What are the cause and the effect in the ob_,;erved correlation between changes in the

rates of secular variation and changes in the rotation speed of the Earth [27-31]?

4. How do the earth's magnetic and gravity field,_ vary in relation to one another [25, 26]?

Another promising direction is investigating the general properties of secular variations as

one manifestation of a dynamic process within the framework of comparative planetology.

The most promising planet is Jupiter.

STUDYING EXTERNAL SOURCES OF THE GEOMAGNETIC FIELD

Geomagnetic studies conducted on the earth's surface as early as the 19th Century

indicated the possibility of the existence of external geomagnetic field sources. These
hypotheses were formulated in a very general form in 1898 by A. Schmidt, who, 60 years after
Gauss, represented the field on the surface of the earth as a sum of potentials from internal
V," and external Ve sources V = Vi + Ve , by generalizing the formula for a Gaussian
series.

Studies of the distribution of charged particles and magnetic and electrical fields
conducted in the first two decades in space by all countries have made it possible to establish

the reality of the existence of a number of current systems, determine their location in space,
and clarify at least the main features of the mechardsms responsible for their occurrence.

The Earth's magnetosphere, which is determined by the operation of the main dipole field
and external sources in the form of equivalent current systems, is depicted in Figure 8. The
identification of individual current systems and the clarification of the physical mechanisms

for their occurrence is quite justifiably associated with the solution of a number of problems

of magnetospheric physics which define the (werall mechanism of complex geosolar

couplings.

Let us examine the contribution of Soviet :,cientists to the current portrait of the

geomagnetosphere.
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Figure 8. A model of the geomagnetosphere[45]

Key: A. interplanetary field force lines B. magr_etopause C. day cusp D. noon southern
boundary of the polar auroral oval E. solar wind _:. plasmosphere G. ring current region H.

midnight southern boundary of the polar auroral ,:wal I. magnetopause currents J. boundary

layer K. open force lines L. plasma layer M. neutral layer

THE FIELD OF HIGH LATITUDE SURFACE CURRENTS

Although the microstructure of the boundary of the magnetosphere is considered a topic of

debate, it is generally believed that the boundary of the magnetosphere is a layer along which

current flows, generating pondermotor forces which enable the existence of a magnetic

squeezing effect.

In 1959 the Soviet physicists V. N. Zhigulev _d Ye. A. Romishevskiy [32] predicted the
main characteristics of the topology of the geomagnetic field when a flux of solar plasma is

flowing over it: the formation of a shock front, the formation of critical points with "zero"
field strength, where plasma may flow inside, and the drift of force lines to the night side.

In 1960 the British physicist J. W. Dungey indicated [103] that the reconnection of

interplanetary magnetic field and geomagnetic field force lines was the mechanism by which

force lines drifted from the day side to the night side, forming a region of reduced magnetic

field strength at hight latitudes on the day side and a magnetic loop on the night side.
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This is not the only possible mechanism, although its effectiveness in controlling magnetic

activity has been proven. S. I. Syrovatskiy [35] ascribes an important role to Kelvin-Helrnholz

instability effects in the formation of the loop. Tae boundary of the magnetosphere is not

ideal, and a portion of magnetic flux diffuses into !the plasma and vice versa. This deviation

from the ideal is responsible for the existence of a very weak magnetic field component
normal to the surface of the magnetosphere, which is indispensible for further stages of force

line drift and the formation of a loop on the night side.

The Explorer 12 satellite was used for the first w_ry detailed studies in the boundary region

of the magnetosphere. These studies stimulated theoretical calculations of the shape of the

magnetospheric boundary, or magnetopause. Meade's [38] and Meade and Williams' [38]
models were the best known at that time. American spacecraft (Explorers 10, 12, 14, 18, 26)

surveyed the magnetosphere at low latitudes. A comparison of experiment data on low
latitudes and Mead and Williams' model found them to be in satisfactory agreement.

The Elektron 2 and Elektron 4 satellites were the first spacecraft to survey the

magnetosphere at higher latitudes, and the Elektron 4 surveyed the higher latitude

magnetosphere on the day side.

The first experiment data revealed that in contrast to low latitudes the magnetic field on

the day side at high latitudes is attenuated even in magnetically quiet times. An increase in
the disturbance of the field weakens it even more, at least in the initial period of the

disturbance. This characteristic of the high latitude magnetosphere was described in general

terms by theoretical models [36, 37], although a later more detailed analysis revealed
noticeable deviations. A. Ye. Antonova and V P. Shabanskiy [39] developed modified

models of the magnetosphere which provided a bmter description of the topology of the high

latitude magnetosphere. Figure 9 presents the results of a comparison of measured values of
with model calculations at different latitudes at a distance of 9 R3 [40]. The discrepancies

between measurement results and the models are most significant at high latitudes. This is

manifest to an even greater extent when one corr_pares the models with experiment results

near the noonday hours (LT 0.9 to 13 hours).
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Figure 9. A comparison of measured differences A T (points) with theoretical values for
different models of solar wind flow over the geomagnetic field (according to [40]).

Key: A. degrees

High latitude magnetic field variations revealed the existence of a near noon minimum

which is described only in general terms by the modified model [39]. This indicates that a

special local current system exists in this region.

The location of the magnetopause at high latitudes according to data from the Elektron 4

is illustrated in Figure 10. As we can see, at a latitude of 74 degrees there is a minimum

distance to the magnetopause of 8.9 R3. The orbit of the Elektron 4 did not make it possible
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to survey higher latitudes. This distance, as Ye. G. Yeroshenko and A. Ye. Antonova

observed [40], differs very little from a theoretical estimate of the minimum distance from the

tip of the "funnel" in the area of the neutral point indicated in [36].

The attenuation of the field at high latitudes during disturbances observed by the Elektron

4 was 30 to 50 gammas. A definite correlation was found between it and the sign of the

interplanetary field and indices of activity, and the seasonal variations of the position of the

magnetopause were determined in relation to the incline of the axis of the dipole.

jr -

f •

Figure 10. The position of the magnetopause cn the basis of data from the Elektron 4
satellite in a region bordering the "funnel" or cusp.

The "funnel" drifts somewhat from lower geomagnetic latitudes in local winter to higher

latitudes during the equinox. As we have already mentioned, the orbits of the Elektron 4 did
not make it possible to study the "funnel" compk;tely, but the main features of this region
were discovered.

In 1965 V. D. Pletnev, G. A. Skuridin, V. P. Sl_alimov, and I. N. Shvachunov [41] made a

more detailed examination of a model of the curr,:.nt system in the vicinity of neutral points.

A diagram of the current system (Figure 11) del:,icts the topology of the "funnel" and the

signs of the arrows of the current conception of !:he high latitude day magnetosphere. We
should note that the authors of [41] provided the most specific statement of the problem of

the role of neutral points in the mechanism of particle injection into the magnetosphere. At

that time this topic was a matter of heated debate.

The IMP-5 was the first American satellite to take measurements of the magnetic field on

the day side up to latitudes of 75 degrees. In 19"r2 Fairfield and Ness reported [42] that at

distances of more than 6 R3 there is a permanent wide region centered around the polar

cusp (the cusp is another word for "funnel" used in [40]). Field strength at 7 R3 on force
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lines closed on the day side is 50 to 70% of that of an undisturbed dipole field. The

disturbance of this region and the lack of a clearly defined magnetospheric boundary agree

with data from the Elektron 4 and the studies cited above. Fairfield and Ness were the first

to report that field perturbations, which got as higll as 45 gammas in the vicinity of the polar

cusp, ran approximately perpendicular to the aver:age position of the field, which indicated

the existence of currents along the force lines.
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Figure 11. A model of the magnetosphere," in the vicinity of the polar cusp.

Dashed curves indicate the trajectories of the IMP-5 satellite.

Key: A. polar cap region B. outside zone of c=tptured radiation C. polar cusp D. polar

magnetosphere (noon) E. transitional region F. sun G. magnetopause

Solar wind plasma, or more precisely plasma _)f solar origin, enters the magnetosphere
from the transitional zone between the shock front and the boundary of the magnetosphere

through the polar "funnels." Plasma from the "polar funnels" affected by electrical and

variable magnetic fields winds up in the plasma _layer of the loop and in a ring current of

captured radiation. L. Frank [43] obtained proof of direct penetration of protons and

electrons from the transitional zone through the polar "funnels" of the day side. One can

find an overview of experiment data and a discussion of injection mechanisms in the reports

of Frank [44] and Heikkila at the COSPAR Symposium in Madrid in 1972 and in Frank's

overview [46].
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EXTRAIONOSPHERIC QUIET DAY RING CURRENT

The characteristic weakening of the horizontal component of the field of low latitude

observatories during magnetic storms has long been ascribed to the effects of a ring current

encircling the earth. A simplified model of this current system in the form of linear current

made it possible to estimate [47, 48] that the catrrent is located at distances of 3.5 R3.
Subsequently this was confirmed by direct experiments.

However the hypothesis that extraionospheric ring current also exists during magnetically

quiet periods at distances of 3 to 4 R3 was first sta_:ed on the basis of measurements taken in

1959 by the second Soviet space rocket Luna-2 flying over these distances [49]. In analyzing

these data primary importance was ascribed to the fact that measurement results were less
than calculation results. The difference diminished as one moved from three to six earth

radii, where the difference was close to zero. This effect may be ascribed to the effects of

protons, which at that time had still not been detected in the outside radiation zone. The

authors of [49] assumed the existence of protons _t distances of 3 R3 in order to explain a

field defect by their diamagnetism in a dipole field.

In 1962 Davis published data on the detection of a proton belt by the Explorer 12 satellite.
S. Akasofu, J. Cain, and S. Chapman [51] calculated the magnetic effect of the quiet

protonosphere. A year later Heppner published the results [52] of measurements taken by

the American Explorer 10 with a quantum magneto}meter on board. The measurements were

taken only once on an ascending orbit and also d_:;tected negative _ T at distances of 4 R3

and positive ,_T at greater distances. This effect was explained either by the effect of a
current ring located at a distance of 3 R3 or the .:fffect of surface currents of the boundary

region of the magnetosphere. As a rule, the data from the Explorer 12 and Explorer 14

applied to distances greater than 5 R3 and the question of the existence of the current ring
was still unresolved.

In 1964 the Elektron 2 and Elektron 4 satelLtes began taking measurements [53, 54].
Differences AT on all orbits had the following ch_tracteristics: at distances of 3 to 6 "1_ they

had negative signs. Average differences Zt T at distances of 3.5 R3 amounted to

approximately 65 gammas, at 4.0 R3 45 gamma_, at 5 R3 15 gammas, and 6 R3 0 to 5

gammas. A certain asymmetry in the differences _ T was observed on forward and return
orbits: on the return (high latitude and prenoon) _ections of the trajectories the z_T curves

were more gently sloping in nature.

As one gets farther away from the earth differences AT get smaller, and as one gets even

further away, the differences change sign in certair_ regions. An analysis of z5 T = 0 regions

revealed their relationship to magnetic activity: with a decrease in magnetic activity Zh T =
0 regions are found at higher geocentric latitudes and greater distances. In addition, AT = 0

had very pronounced seasonal variations: radial distances of AT = 0 shifted from 7.5 R3 at

the end of January 1964 to 5 R3 at the end of April. In the process latitude shifted from 90 =

59 degrees to 9a - 52 degrees. All this left no doubt that negative Z_T reflect the effect of a
source located at these distances and the dynamics of the magnetosphere inside the

geomagnetic envelope under the action of more remote sources.
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Negative AT regions (from maximumz_T to A'I- = 0) on forward and return orbits are 160
degrees apart longitudinally and encompass the evening-night-morning hour sector. It is in
this sector that one can interpret the results in terms of "ring current." The values of z_T at
different distances given above apply to the average values of all days which differ with
respect to magnetic activity. These differences are the same in terms of the sign of the effect
and are close in magnitude to theoretical estimates of the effects of a captured proton field of

the model proposed in [51] and are approximately 2 times greater than the magnetic effect of
a model of the quiet protonosphere developed by Hoffman and Bracken [55]. However
observations did not reveal any reduction in

T at distances close to 3 R3, which was prt.'dicted by theoretical models of magnetic
effects.

The differences AT at distances of 4 to 10 R3 published by Cahill and Bailey in 1967 (on

the basis of Explorer 10 satellite data) changed sign in exactly the same way as differences

T detected by the Elektron satellites. Heppner, who in 1967 [57] compared the Elektron

data with Explorer 10 data at distances of 3 R3, pointed out that they agreed and differed
from the theoretical curve in the vicinity of 3 R3. This article summarized the results of

experimental and theoretical research of "ring curt ent" conducted to 1964 inclusively.

In 1971 Sigiura, Ledley, Skillman, and Heppner [58] published the results of detailed

surveys made by the OGO-3 and OGO-5 satellites by means of scalar rubidium and

component ferrosonde magnetometers (OGO-5) at distances of 2 to 22 R3. This was the

most detailed global survey of the magnetosphere _md lasted almost two years, covering space

from the equator to the poles. The survey was conducted for the purpose of studying
external magnetic field sources in the geomagnetosphere, checking the results of previous

studies, and determining the location and energy spectrum of the protons responsible for

external magnetic fields during magnetically quiet and magnetically disturbed periods. The
abundance of experiment data made it possible to determine characteristic differences

z_ T on particularly calm days (Kp = 0 to 1) and slightly disturbed days (K,o = 2.3).

Figure 12 gives the average values of AT in the vicinity of the geomagnetic equator and at

high latitudes (Elektron-2, Elektron-4) at the noon and midnight meridians as a function of
distances from the earth. The dashed curve repre._ents the distribution AT of "ring current"

from the calm protonosphere in Hoffman and Bracken's model. In general, experimental

AT curves agree with Elektron data and earlier studies.

In a report delivered at the 15th Plenary Session of COSPAR [59] (Madrid, May 10-24

1972), M. Sigiura, remarking on the differences in absolute values of AT determined on the
basis of Elektron data at a distance of 3 R3 and OGO-3 and OGO-5 data wrote that, "their

observations agree to a great extent qualitatively with the results given here, both with

respect to -AT and +AT. It is interesting that Yeroshenko et al. (1966) and Dolginov et al.

(1965) observed an increase in +AT on magnetically disturbed days and took them into

account in similar conceptions of the topology described here."

The magnetic effect of captured radiation is in_:egral in nature. Hence it is less suprising
that all space experiments detected the main featltres of the distribution of ,_ T, despite the
differences in the orbits and durations of the expeziments.
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Figure 12. Differences _T at dis4ances of 3 to i0 R3 at low and

high latitudes on the day and eveni_ng sides according to
Elektron-2, Elektron-4 (1964), and OGO-3 and OGO-5 (1971) data.

Curves 1-2-3 and 4-5: Elektron; + zlk T on the evening side at

high latitudes; - /_ T (1-2 and 4-51 the same on the day side

Curve 6-7: midnight, equator, OGO; 8'-8-9: noon, equator, OGO;

i0-ii: Hoffman-Bracken model



The situation is different with the detection of protons
responsible for the observed magne_ic effects. In this case
differences in orbits and the spect ral characteristics of the
instruments used had a greater effect. As we have already
mentioned, Davis and Williamson, using Explorer-12 satellite
data, were the first to indicate t_at protons in an energy band
of 0.i to 4.5 megaelectronvolts with a peak intensity at R3 had
been detected [50]. These data were confirmed by experiments
conducted with the Explorer-14 and Explorer-15 satellites.
Frank, using data from the OGO-3 [_16], reported the existence of
a belt of protons with energies of 0.2 to 50 kiloelectronvolts
with a peak intensity at a distanc(_ of 6.5 R3 during magnetically
calm periods.

Apparently, the protons of th:s energy band do not determine
the field depression at a distance of 3 R3. During a
magnetically calm period the Exploiter-45 detected a peak proton
energy density of 2 times 10-7 per cm3 on a force line
intersecting the equator at a dist_nce of 3.5 R3 in an energy
band of 5 to 872 kiloelectronvolts, It is natural that the
geomagnetic field acts like a specl rograph and in fact we have a
proton belt in a rather wide contiz_uous spectrum. The boundary
of this spectrum is determined by the strength of the field
capable of confining charged partic_les. Appropriate estimates of
the relationship between radiative energy density and magnetic
energy in the dipole field have be(_n made by Dessler and Parker
[60] and Skopke [61]: _T/T O .... 2 E/3 E_ , where _T is the

magnetic field of ring current on _he surface, To is

geomagnetic field strength at the _:_quator, E is the total energy

of the proton band, and E_ is th_:_ external magnetic energy of

the geomagnetic field. According _o Davis' estimates [50], the

total energy of protons with energies greater than 97

kiloelectronvolts is 1.5 times i02_i_ ergs. According to Frank's

estimates [44], the total energy oi! protons with energies between

0.2 to 50 kiloelectronvolts is 4.8 times 1021 ergs. The field of

the ring on the earth's surface _ T = 38 gammas.

Nevertheless there are several reasons for considering the

existence of two current systems: _Ln inner system with a peak at

a distance of 3 R3 and an outer sy:_tem with a peak at a distance

of 6.5 R3, as Frank [44] and Sigiui:'a [58] have suggested.

As we have already mentioned, during quiet periods the peak

is located at a distance of 6.5 R3 where _T = 0. Movement of

the proton peak towards the Earth (luring disturbances is in

accord with the movement of the J T = 0 region revealed by

Elektron data. The authors of [62 L pointed this out.

Cahill and Bailey were the fi{'st to make a detailed study of

the magnetic effect of disturbed r:Lng current during a magnetic

storm, using the Explorer-26 satellite during the storm of April

17-18, 1965. However as early as io964, the Elektron-2 satellite

detected major field depressions d iring a magnetic disturbance in
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the night sector [53]. In the process it was observed that
significant local depressions were observed several hours after
the sudden onset of the disturbanc_!_ but long before the main
phase developed, at the same time _Ls a polar disturbance began to
develop. But the effect was not a ring effect in nature. This
agrees with current notions that tile main phase of a storm is a
continuous sequence of magnetic su_storms.

Thus, the reality of the perm_nent existence of an
extraionospheric current ring, whi¢:h was most convincingly
demonstrated in 1964 on the basis of the results of magnetic
measurements taken from the Elektr¢,n-2 and Elektron-4 satellites,
was proven for once and for all by a number of later experiments
carried out by means of magnetomet_rs and plasma sensors. At
these distances, an asymmetric current ring of magnetic substorms
develops during magnetic disturbances.

The fact of the constant existence of an external magnetic
field source was taken into account by adding the harmonic
glOe to the spherical harmonic series [63].

EXTRAIONOSPHERICAND IONOSPHERIC POLAR CURRENTSYSTEMSOF A
MAGNETICS'I?ORM

In early March, 1970, the Kos sos-321 satellite, whose orbit
was inclined at a 71 degree angle _o the plane of the equator,
crossed the polar ovals in the nori_hern and southern hemispheres
at altitudes of 260 to 300 kilometers and crossed the region of

the equator at altitudes of 240 to 335 kilometers in the day and

night hours close to magnetically-._ctive layers of the

ionosphere.

On March 4, measurements were taken during an isolated

substorm when the axisymmetric porl_ion of the field of the storm

(DR) was still small. From March i3 through i0, 1970, the most

intensive storm of those observed _uring the 1970 solar activity

cycle developed. The American satellite
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OGO-6, which was also equipped with a qu:tntum magnetometer, took high-altitude
measurements at the same time as the Kosmos-32_.

The experiment data obtained were used to an_yze several problems of the morphology of
a disturbance field:

1) the degree of correspondence between the spatial pattern of a storm as determined by
"instantaneous" satellite measurements and the spatial pattern as determined by ground

stations; the positions of the ovals;

2) the distributions of negative and positive /xT or the correlations between the eastern

(evening hours) and western (morning and night) electrojets;

3) The correlations between AT at high latitude_; and the ring current field DR.

These topics were examined in publications [64, 65]. Examples of magnetograms T (that
measured minus the field of internal sources) along the orbits of the Kosmos-321) during the

main phase of the storm and when the storm wa_ dying down are given in Figure 13. The

dashed curves represent the fields of the axisymmetric portion of the field DR on the basis of

ground data allowing for the asymmetry of the effect and under the assumption that the

portion of the field induced in the earth is the _,_ame on the surface and at satellite flight
altitudes. In addition, the figure also includes _ T = _T - DR curves. Comparative data

from the Kosmos-321 and OGO-6 at the magnetic equator (J = 0) are given in Tables 1 and

2. According to these data:

a) most of the field depression during a storm has one and the same sign on both satellites

and on the surface of the earth, which indicates the extraionospheric origin of the source;

b) during the active phase of a storm measured values of T exceed DR by 25 to 50

gammas (ST -- &T - DR>0) in the morning, while in the evening sector DR is greater than
&T ( t$ T<0). This effect was manifest in the readings of both satellites. The author of [64]

hypothesized that in the morning hours this effect may be due to the action of the electrojet,

while in the evening it may be due to the possible ,:fffect of western current in the ionosphere.
At the final stage of the storm recovery phase the identical values of _T and DR in the

morning hours according to the data of both satellites indicate the attenuation of ionospheric

current systems at low latitudes.

The effects of a disturbance at high latitude.,, are illustrated in Figures 14 and 15 in

combination with data from ground observatories. They indicate that:

a) during a period of intensive magnetic activit,¢ on the earth the satellites reveal regions
where spatial field gradients are quite different from the gradients of the main geomagnetic

field. In the areas surveyed, these regions coincide quite well with the position of the polar
auroral oval determined on the basis of ground d_tta taking into account the activity index Q

and the Dst variation during the observation period;
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b) the most magnetically active regions are those in the vicinity of the near polar boundary

of the oval, where the high latitude boundary of the region of unstable radiation is located.
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Figure 13. The differences Z_7"along the orbit of the Kosmos-321 during the storm of March
8-10.

Dashed curve: calculated field DR according to data from a network of ground equatorial

stations at different longitudes

Lower curve: difference 8T = AT - DR

25



Kosmos-321magnetogramsrecorded during the substorm of March 4, 1970 [65] indicate
that:

a) there exists a region of positive AT with a ce:lter at 0400 and a region of negative A T

with a center at 1600 hours MLT;

b) negative AT in the northern hemisphere frc, m 1300 to 1800 hours MLT are due to a

weak eastern electrojet. This agrees with data obtained from the OGO-4 and OGO-6
satellites.

The magnetograms in Figures 14 and 15 were discussed on the basis of notions of the

existence of an oval which is eccentric relative to fae magnetic pole and along which there is

the greatest probability of observing polar aurorae, magnetic disturbances, and a number of

other geophysical phenomena [67-69].
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Figure 14. A model of the polar electrojet on the basis of data from the Kosmos-321 and a

network of ground stations

The arrows indicate the values of the perturbed vector of the horizontal component
while the numbers in brackets indicate the values c,f Z.

H_

Key: A. Chelyuskin B. Dixon C. Halght D. Mirniy E. Kuprina F. illegible G. orbit 760
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Figure 15. The region of negative AT on the basis of Kosmos-321 and ground station data
during the substorm of March 4, 1970

The concept of the polar auroral oval has found a natural explanation in the asymmetry of

the magnetosphere in the day-night direction and a number of physical processes at the force
line interface controlled by the solar wind and takiag part in the rotation of the earth.

However in literature published from 1970 through 1975 inferences were made that the

zone of auroral and magnetic activity had a more complex topology. In a series of studies

conducted by the Siberian IGIRWP the authors present arguments in favor of the existence
of two horseshoe-shaped zones of particle penetration. It was assumed that there is a gap

between the day and night portions of the zones a_:_dthat aurorae in the day and night sectors

are due to different physical processes.

Experiments conducted with the ISIS-2 satellit,_; revealed a second belt of active particle

penetration where diffuse polar aurorae often appear in the day sector. This belt is less
eccentric with respect to the magnetic pole than the polar auroral oval, which constitutes the

main characteristic of the polar regions [72].

THE EQUATORIAL IONOSPHERIC ELECTRO JET

In 1922 magnetograms from the newly constructed Huancayo Magnetic Observatory (12
degrees S, 75.3 degrees W, geomagnetic latitude c,f 0.6 S) revealed that the diurnal variation

28



of the horizontal component of the geomagnetic fiel_d H had a surprisingly large amplitude on
magnetically calm days. The other two components Z and D behaved normally.

15 years later the renowned geophysicist MacNe ish conducted the first study of this effect

in a spherical harmonic analysis of calm diurnal variations using data from a number of

observatories on the American continent, includir_g data from the Huancayo Station. The

current system he calculated had force lines hea,,ily bunched in the plane of the equator,

which distinguished it from the current systems of _:alm solar diurnal variations calculated by

Chapman.

In 1945 Fleming and Chapman initiated a stud) of S,t variations along the longitude of
Huancayo by a chain of stations situated along the meridian. These studies revealed a strip

near the equator where anomalously high S q. variations of field H were observed. Then they
remembered that in 1942 Walter had detected a similarly high anomalous variation of the

horizontal component in Uganda.

In 1947 Egedahl determined the relationship of the amplitude of the anomalous S,t
variation to distance from the equator, and it became obvious that this phenomenon is
controlled by the equator of inclination, where J = 0. Chapman named this region the
"electrojet."

The electrojet is an eastern current which is maldfested only on the dayside but covers the

entire earth. A large number of publications have been devoted to studies of the morphology

of this phenomenon on the basis of ground magnetic observatory data. Critical overviews of

results obtained in recent years are given in [74-76]

Calm diurnal variations are induced by the tidal movements experienced by the highly

conductive layers of the lower ionosphere. On the day side (now we know that there are no S_z
currents on the night side) in the northern and soathern hemispheres there are two current

vortices. In the northern hemisphere the vortex runs counterclockwise, while in the southern

hemisphere it runs clockwise. Both vortices have the same direction near the equator, from

west to east, where the current is stronger. A formal spherical analysis of S, t variations of a
global network of observatories has led to this picture. The physical conditions responsible

for the existence of the electrojet can be summarized as follows: the conductivity of the

ionosphere depends on the strength and directioa of the magnetic field, the frequency of

particle collisions, electron density, and wind direcqon and velocity. One conductivity peak is

located in the E layer at an altitude of 110 to 120 kilometers.

On the magnetic equator the force lines run parallel to the earth's surface and to the
north. Because the ionosphere is thin by compari_on with its horizontal dimensions, current

in it flows parallel to the surface of the earth. Vertical currents are impossible due to
nonconductive upper and lower boundaries. This restriction leads to a significant increase in

conductivity in a direction perpendicular to H. "lhe electrojet consists of Pedersen current

and an additional Hall current running toward the east.

The significant increase in conductivity perpeadicular to H is also the reason for the

increase in current in a narrow belt near the equat,_r of inclination.
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In reality the physics of processes in the equatorial ionosphere are just as complex as the
morphology of the electrojet. The electrojet primarily induces current in the conductive

layers of the earth and the field observed on the surface of the earth is the sum of these

effects. The conductivity of the earth differs at ¢iifferent longitudes, which determines the
characteristics of the field.

Eastern current is the primary but not the ordy consequence of the complex physical

processes which occur in the equatorial ionosphere. There are meridional currents [77], and

sometimes western current flows which distorts the typical appearance of the electrojet or

sometimes even compensates for it [78, 79]. The small number of stations made it impossible

to resolve decisively the question of whether the center of the electrojet is aligned with the

equator of inclination.

Magnetospheric currents induce currents in highly conductive layers on the equator,

making the picture even more complicated. Conductivity should depend on the actual

magnetic field, which in turn determines differences in the intensity of the electrojet. The

most interesting problem involves the possibility of using the electrojet to study the

conductivity of the earth at different longitudes.

Direct studies of magnetic electrical fields and particle drift velocity in the electrojet were

conducted from 1950 through 1968 using rocket mounted magnetometers and radar devices

in the equatorial region. These experiments [80] provided proof of the existence of a current

system in the E layer of the equatorial ionosphere on the day side and its absence on the

night side. Satellites provided new opportunities for studying the electrojet.

The Kosmos-321 satellite crossed a region ot the equator at altitudes of 250 to 260

kilometers on the day side and at altitudes of 370 to 420 kilometers on the night side. Thus,

the distance of the satellite from the layer of the ionosphere where current flows was

approximately equal to the altitude of the current layer above the surface of the earth. The

satellite's quantum magnetometer, which measured the field scalar, in fact measured only the

magnetic field of eastern current and did not ew_n sense the magnetic field of meridional
currents.

The effect of the electrojet could have been clarified by analyzing the differences Zx T
between measured and calculated field values. Using a theoretical model with a Gaussian

series with n - m = 10, differences A T could have wavelengths of 1800 to 3600

kilometers. The field gradients associated with the effects of the electrojet should differ

noticeably from AT gradients. This constituted the basis of a procedure for isolating the

effect of the electrojet. The effects of the electrojet in the magnetograms of the Kosmos-321

were clarified and studied in [81].

Figure 16 provides magnetograms associated with the effect of the equatorial jet in the

noon hours. Magnetograms obtained on the night side on orbits 672 and 674 are given as

examples. The magnetic effects of the electrojet at different longitudes differ in details, with

respect to their peak values. This agrees with the variability of the electrojet known from
ground data. The distance between points of the inagnetograms where _T differs noticeably

from zero (more than 5 gammas) varies from 7.5 to 9 degrees. Consequently the width of the

electrojet 2b, where its effect is perceptible, is ?50 to 900 kilometers. This is somewhat
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greater than the width indicated in [76], but is close to the width of the region where the

probability of the occurrence of a sporadic E layer is 3% [82]. The "effective" width of the

electrojet, for which one may theoretically assume a width for the AT curve of 0.7 times its

maximum value, is 320 to 380 kilometers. 2b = 350 kilometers is assumed to be the average.

The amplitudes of the effect of the electrojet re,:_rded by the sateUite's magnetometer vary
from 76 gammas (orbit 499) to 20 gammas (orbit 468). Most often the peak value of ,,x T is

approximately 30 gammas. Peak values reveal no ,::lear relationship to longitude. But such a
relationship was revealed by means of statistical methods employed in processing ground

observations, such as the difference in the intensity of the electrojet on the American

continent ( 3 = 280 degrees) and in India ( _ --:--80 degrees). Apparently the effect of a
number of factors makes the picture more complicated and masks the relationship between

the intensity of the electrojet and geomagnetic ricH strength.

/_T peaks were observed on orbits 621 and 622 at latitudes of 8 degrees 10, 8 degrees (_

- 59.5 degrees E), and 9 degrees 14.4' ()_ = 82.8 degrees E). These data may be compared
with the latest determinations of the location of the magnetic equator made in India: 8

degrees 49.6' ( 9_ = 77 degrees E), 8 degrees 54.1' ( _ = 77.5 degrees E), and 8 degrees 58.6'

( 7_ -- 78 degrees E). Apparently, if the effect of the electrojet is not distorted by the effect

of magnetospheric fields and induction effects, the peak of curve Z_ T is observed above the

equator of inclination (J = 0).
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On several orbits the satellite crossed the equator near ground stations, which was used to

compare ground and satellite magnetograms. The satellite magnetograms could have been

compared with the magnetograms of ground observatories within the framework of a model

examined by MacNeish [83] and subsequently by Chapman [73]. An outer, infinitely long

current layer with a width of 2b located at an altitude of h above the surface of the earth,

induces a current of equal intensity and opposite sign in the earth in a layer with a

conductivity of O" = _ lying under a layer with a thickness of d and a conductivity of = 0

(Figure 17). The magnetic field of this current system measured by a satellite at an altitude
of h above the surface of the earth and a distance x from the center of the current layer is

given by a formula found in [81]:

U [ 2b (h e -- h)AHc = -g- arctg (he _ h)2 .:. x2_ b_ --

2b (h e q- h -q- 2_) ]-- are tg (he + h + 2d) 1% _ '

where C is the intensity of the current.

On the surface of the earth this formula looks like

C r . 2bh
AH3 +y Larc_g -h, +-_-- - b2

• 2b (h -{-2d)
"4- arctg (h + 2d), q- =_-- }_:]"

From Figure 17 and the formulas it is appareat that current induced in the conductive

layers of the earth amplifies the field of the outer current layer on the surface of the earth

and gets weaker at the altitude of the satellite. Thus, from experiment data we know the

ratio

AHc/AH3 = f.
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There are different estimates of the "effective" width of the electrojet 2b. In the model

chosen 2b is a uniquely unknown quantity and d is the depth of the nonconductive layer. By

choosing values of 2b and d so that measured field profiles will optimally agree with

calculated profiles (Figure 18), one can estimate the depth of the nonconductive layer. Data
from the Kosmos-321 were used for these cal_mlations in [81] and for more precise

calculations in [84] by L L Vanyan, E. B. Faynber_;, and N. Ye. Genis.
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Satellite overflights of observatories may be l:sed for more precise determination of f.

According to [84], f was equal to 0.54, 0.48, 0.49, and 0.6 instead of 0.33, which was assumed

in [811.

The choice of an effective width for the electrojet is less clear-cut. For a current layer

model, a width at an altitude of 60 to 70% of m._rdmum field intensity, which is 400 to 500

kilometers, was chosen as the effective width. In these estimates the depth of the

nonconductive layer varies from 305 to 515 kilometers. In fact the earth's mantle has a finite

conductivity and taking this into account [84] led to a conductive layer depth of approximately
250 to 380 kilometers.

Despite the uncertainty of these estimates, oae may still consider it proven that the

MacNeish-Chapman induction model correctly de.;cribes the main features of the process in

the sense that the electrojet is associated with a significant induction effect.
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Although the rotation of the sectoral structure of the interplanetary field with the period of
rotation of the sun leaves little doubt that it is sola_: in origin, this was first directly proven by
Wilcox and Ness from 1964 to 1967, who comparecl interplanetary fields and the fields of the

visible face of the sun (photospheric fields) [89].

A year later the average strength of the field of the visible face, the average strengths of
sunspot fields, and the average strengths of interplanetary fields observed by the Explorer 33
and Explorer 35 satellites were compared [90] (Figure 19). A 4.6 day observation time shift

of the magnetograms was accompanied by t_cellent sign agreement between the

interplanetary field and the overall field of the photosphere. This time is approximately
equal to the time it takes for solar wind plasma to travel from the sun to the earth at an

average velocity of 400 kilometers per second. Subsequently it was demonstrated that
recalculation of the strength of the photospheric field starting from some "surface of sources"

leads to a reasonable agreement between interplanetary fields and the overall field of the

photosphere not only with respect to their signs but also their magnitudes.

The average sunspot fields and interplanetary field do not manifest any noticeable
correlation. This has a natural explanation. In order for a field to be "drawn out" from the

sun, kinetic energy density, primarily the density o f the energy of directional motion of solar
wind particles, must exceed magnetic energy de_ity. This condition can be written as
follows:

_1_m_nvV(I-Pl8 a) --- g >_- t,

where m i , n, and v are the mass, concen lration, and velocity of solar wind ions
respectively.

In sunspots magnetic energy density is hundreds of times greater than the kinetic energy of
plasma motion. On the other hand, outside active regions, where low intensity large scale
fields are observed (in the sun's atmosphere and corona), magnetic energy density is 10 to
100 times lower than the kinetic energy of plasma motion. It has been found that the

boundary between large scale photospheric fields of different polarities runs north to south
on both sides of the equator in a large latitudinal belt. These boundaries also constitute the

boundaries of interplanetary field sectors.

PRECEDING PAGE BLANE NOT FILMED
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Figure 19. A comparison of the signs of the interplanetary field (dashed regions) with the

sign of the average field of the visible face of the sun (top curve) and the average field of

sunspots (bottoia curve)

Key: A. March B. April C. May D. June E. gausses

Thus, observations of average photospheric fiehls using the "entire face" method [90] may

be used to predict the sectoral structure of the interplanetary field. However a more

effective method of determining the sign of intert,lanetary magnetic fields was discovered in

observations of magnetic field variations at near polar stations on the earth's surface.

THE SECTORAL STRUCTURE AND VARIATIONS

OF THE GEOMAGNETIC FIELD ON THE EARTH'S SURFACE

The fact that geomagnetic disturbances tend to recur with the period of solar rotation

compelled researchers to look for regions on the visible face of the sun where magnetically

active radiation is generated. The renowned German physicist Bartels called them M-regions

[91]. The search for M-regions and their identification with specific formation on the sun has

its own history. Bartels himself noted that M-regions are frequently not associated with

sunspots. S. K. Vsesvyatskiy and his colleagues identified (1944-65) [92] M-regions with

helmet shaped coronal rays (Figure 20). E. I<. Mustel suggested that bright areas on

photographs of the visible sun obtained in calcium lines, or calcium floccules, are

magnetically active sources.
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Comparisons of variations in the concentratiort, velocity, and temperature of solar wind

particles and indices of magnetic activity on the earth revealed a correlation between these

quantities. 10% or more variations of the first mi_y be compared only with slight changes in

magnetic and auroral activity.

It turned out that characteristics of the structure and direction of interplanetary magnetic

fields, boundaries of sectors of different polarities of the magnetic field, and irregularities in

interplanetary magnetic fields are highly efficien_t in generating disturbances on the earth
[94]. Within each sector plasma parameters (velocity, concentration) reach peaks in the

vicinity of the leading boundary of the sector. Tt_e geoefficiency of boundary regions could

have been related to these irregularities in the solar wind.

Even greater irregularities could be assumed along the front of the shock wave which
arises in the motion of a faster corpuscular stream and the slow-moving surrounding solar

wind.

Direct comparisons of magnetic activity indices and the interplanetary field strength scalar

revealed that they are in better correlation but that the analytical relationships between the

first and second are cumbersome, which suggests a definite role for additional pecularities.

This hypothesis was strengthened by the fact that raagnetic energy density in the solar wind is
100 times less than radiation energy density. Consequently, the efficiency of the

interplanetary field is not determined solely by its :_,trength.

The relationship between the index of polar activity and solar wind parameters was
established by comparing it with certain field components. For example, the AE index

(which characterizes activity in the area of the auroral electrojet) manifests a clear

correlation with the magnitude and time of action of the southern component of the

interplanetary field B z when solar wind dynamic pressure Po is taken into account [95]. The

extent of geomagnetic activity proved to be dependent on the angle between the axis of the

dipole and the direction of the solar wind stream.

However an even clearer relationship to the sign and amplitude of the interplanetary field
was established for a certain type of variations in t_e near polar regions of the earth observed

during magnetically calm periods. They had already been under study for a long time (see
Ya. I. Feldshteyn's overview of 1975 [97]) and the simple establishment of their relationship

to the strength and sign of interplanetary magnetic fields made it possible to clarify the
mechanism and nature of these variations. M,,)reover, now one can use recordings of

magnetic field variations at near polar stations to form an opinion of the sign of individual

components of the interplanetary magnetic field. This observation was first made

independently by the Soviet geophysicist S. M_nsurov [99] and the Danish geophysicist

Svalgaard [98].
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Figure 20. The helmet shaped structure of the sol:a" corona during sunspot peaks and valleys

Key" A. June 19, 1936 B. June 30, 1954
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and northern hemispheres for different interplanetary field signs
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The absolute value of the vertical component of the geomagnetic field at a near polar

station in the northern hemisphere (Thule, 0 = I!_6degrees) increases if the interplanetary

magnetic field is directed toward the sun and decreases if it is directed away from the sun.

The opposite relationship between changes in the modulus Z and changes in the sign of the
interplanetary field has been observed at a southern hemisphere station (Vostok, O = -88

degrees). Thus, the additional field leading to a change in the absolute value of the vertical

component is directed away from the earth in both hemispheres when the interplanetary field
is directed away from the sun and towards the earth when the interplanetary field is directed

towards the sun (Figure 21).

Intensive research on this effect based on ground and satellite data conducted in recent

years (see overviews [100, 97] revealed that this r,>.lationship is sometimes violated and that

variations in the near polar regions of the earth are in better correlation with the direction of

the azimuth (east-west) component of the interplanetary field in the plane of the ecliptic.

This was established independently and simultaneously by the Soviet geophysicists Ya.

Feldshteyn and L. Sumaruk [101] and the Danish g,.'ophysicist Friis-Christensen [102].

The agreement is best when the moments of si,_ changes Ysa are time shifted 25 to 60

minutes. As was disovered, the delay in ground changes ZXZ relative to changes in Yss is

determined by the effect of induction in the conductive layers of the earth.

When the Ys_ component runs from the morning side to the evening side (_j> 0), values of
Z are below the undisturbed level, while when

Yss(0, the values of Z are above the undisturbed level, and when Ys_r

= 0 the variations are equal to 0 (Figure 22). The direction of the azimuthal component
is related to the direction of the radial component, because the interplanetary field on

average runs in an Archimedean spiral. That is why the relationship between the sign of the

radial component and the sign of the variation of the Z component in the near polar region

was the first to be observed. However, when irret.,,ularities in the solar wind led to a change

in the direction of the Ys_ component (while the sign of the radial component stayed the

same), the correlation between the radial component and the Z component deteriorated.

Variations in Z reach 150 gammas in the sumraer and 15 gammas in the summer and at

the equinoxes variations are high during the day _md low at night. All this leaves no doubt
that variations are due to the current system in the ionosphere whose conductivity is greatly

controlled by solar illumination.

A mechanism of reconnection of the interplanetary field and polar force lines of the

geomagnetic field resulting in the appearance of an electrical field in the polar cap which

penetrates the polar ionosphere [103] has been proposed for the purpose of explaining the

generation of a current system by the polar cap which depends on the magnitude and sign of

the azimuthal component of the interplanetar?' field. Models have been specifically

developed for this type of variations by Soviet [104] and foreign [105] scientists.

Observations in the polar cap during disturbances have revealed a special type of

disturbance known as the DP-pole [106] limited to the region _ _"75 degrees with a peak

intensity at _" 83 degrees on the day sign during the summer. As Yawasaki has suggested,
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DP-pole type disturbances are due to rotation of me vertical component of the interplanetary

field + B z. to the north. In 1967, on the basis of observations of the interplanetary field made

by the Venera-4, Sh. Dolginov indicated that variations in the northern component of the

interplanetary magnetic field may affect magnetic activity in the polar regions. In the process
he indicated that an increase in the northern component may lead to reconnection of force

lines in both polar caps, in contrast to variations in the southern component B z , whose
increase is effective in the reconnection mechanism in the equator. DPI (Bz) type variations

also occur during calm periods.

Thus, one of the most important achievement:_ of the second decade in space was the
establishment of the decisive role of the sign acid magnitude of the components of the

interplanetary magnetic field in the development of magnetic activity on the surface of the
earth. These relationships are most clearly manifest in the polar regions of the earth.
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In turn these relationships have provided researchers with a new and accessible tool for
studying, predicting, and diagnosing conditions in interplanetary space and diagnosing the

magnetic state of the sun which involves observing magnetic field variations at several

optimally selected magnetic variation stations in near polar regions on the surface of the
earth. At present the Soviet Union and United States make regular determinations of sign of
the sectoral structure of the interplanetary field using readings from the Vostok Station in
Antarctica and the Thule station in Greenland.

GEOMAGNETIC FIELD FLUCTUATIONS

Among the diverse types of geomagnetic field variations controlled by external sources a

special place is occupied by geomagnetic field fluctuations ranging from thousands of a hertz
to several hertz.

According to current notions, geomagnetic flu_:tuations are hydromagnetic waves in the
geomagnetosphere and outside it, and like any wave process in matter, depend on the

physical properties and characteristic dimensions of the space where the fluctuations are

generated and propagated. It is for this reason that geomagnetic fluctuations have proven to

be a tool for diagnosing the magnetosphere and interplanetary space. One can use V. A.
Troitskaia and A. V. Gugliemi's article [109] to familiarize oneself with the results of this

fruitful research, which was conducted toward the beginning of the second decade in space.

The current status of this topic is discussed in a monograph written by the same authors

[110], who were involved in the development of this trend.

Objects of research included the places where geomagnetic fluctuations are generated, the
variation of the spectrum of fluctuations and their energy in relation to variations of the

characteristics and structure of the interplanetary field, the intensity of the solar wind, the

dimensions of the magnetosphere, the phase of a disturbance, and the prospects for practical

application of fluctuations. A significant contribution in this field was made by research

conducted by the Polar Geophysical Institute, the IGIRWP, and the IKI. Table 3 illustrates

the effectiveness of using methods of wave diagnosis for the magnetosphere and

interplanetary space [110].

Also of interest are the relationships between the level of fluctuations and the phase of
interaction of the geomagnetic field with succe,_sive structural features of interplanetary

streams from powerful solar flares [111], and the relationships of the fading of the amplitudes

of individual types of short period fluctuations in the vicinity of sectoral structure boundaries.

Because the spectrum of short period geomagnetic field fluctuations is similar to the

spectra of electromagnetic oscillations of living organisms, combined study of these processes
is extremely important in light of correlations which have been discovered in the activity of

short period fluctuations and activity in the biosphere [112].
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Key: A. type of fluctuation 1. beads 2. continuous tluctuations 3. gigantic fluctuations 4. broad
band fluctuation surges 5. hydromagnetic twistings 6. auroral agitation 7. oscillation trains B.
parameter or process 1. cold plasma concentration, resonant proton energy, slow dynamic
processes (amplification and decay of calm ring c_.trrent, weak electrical fields, plasmopause
shifts) 2. position of the subsolar boundary of the magnetosphere, interplanetary magnetic
field strength, large scale interplanetary magnet:ic field irregularities 3. concentration of
plasma at force line vertices, rate of decrease of _lasma concentration along the force lines
4. injection of energetic particles from the neutral layer of the tail of the magnetosphere into
the auroral zone. periodic processes in the geomagnetic tail. 5. dynamic drift of energetic
protons, electrical fields during magnetospheric substorms 6. dynamic drift of electrons
injected during magnetospheric substorms 7. the position of the southern boundary of the
auroral zone in the midnight spectrum C. diagnostic procedure 1. dispersion analysis.

analysis of abrupt changes in the carrier frequency, analysis of slow carrier frequency
variations 2. the use of empirical relationships between the period of fluctuation and the

parameters in question, analysis of variations of the fluctuation amplitude envelope 3.

analysis of the relationship of the fluctuation period to geomagnetic latitude, analysis of
variations in the distance between harmonics 4. _nalysis of the spectrum and periodicity of
noise surges in the vicinity of the midnight meridian 5. analysis of spectrum dynamism.
measurement of the amount of western "frequency drift." 6. analysis of the shift of
characteristic details of the fluctuation spectrum t rom midnight to the east 7. the use of an

empirical relationship between the fluctuation l_eriod and the latitude of the southern
boundary of the auroral zone.
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